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S t u d i e s  of thermocracking of branched alkanes play an important 
r o l e  in  several  a reas ,  including high temperature c a t a l y t i c  cracking, 
delayed coking, manufacture of o le f ins ,  degradation of polymers, and 
geochemistry. Although pr incipal  chemical reactions involved i n  thermo- 
cracking under r e l a t i v e l y  m i l d  conditions a r e  w e l l  known (1-4), detai led 
information about cracking of large branched molecules is lacking from 
the l i t e r a t u r e ,  mostly because of ana ly t ica l  problems - ident i f ica t ion  
of reaction products, various branched alkanes and olef ins ,  i n  the carbon 
atom number range C 8  - C z 0 + .  

This paper discusses  pr incipal  react ion s tages  of thermocracking of 
pristane, phytane, and squalane i n  the l iqu id  state under mild 
conditions (25OoC, 24 h) and presents analysis  of r e a c t i v i t i e s  of various 
C-H bonds i n  the hydrogen abstract ion react ions a s  well as r e a c t i v i t i e s  of 
various C-C bonds i n  the @-scission reactions. 

EXPERIMENTAL PART 

Thermocracking of pr is tane,  phytane, and squalane a t  250-3OO0C for  
24 h in  the l iqu id  s t a t e  was carr ied out  i n  small g lass  ampoules sealed 
under vacuum. Under these conditions the reaction yields  equimolar 
mixtures of isoalkanes and o le f ins  with branched chains. Addition 
of a mineral clay (bentoni te)  to the ampoules results i n  conversion of 
the olef ins  in to  a complex mixture of various secondary products while 
keeping the alkanes formed i n  the cracking reaction in tac t .  Comparison 
of the gas chromatograms of the cracking products obtained with and 
without the clay a s s i s t s  i n  ident i f ica t ion  of branched alkanes. 

A Hewlett-Packard 5880A gas chromatograph equipped with the flame 
ionization detector ,  operated i n  the s p l i t  in ject ion mode with a s p l i t  
r a t i o  100:1, was used to  obtain chromatographic data. The column u s e d  
was a 50 rn, 0.02 mm i .d . ,  fused s i l i c a  capi l la ry  coated with 0.50 micron 
film of cross-linked methyl s i l icone.  H e l i u m  c a r r i e r  gas was used a t  a 
flow of 1 ml/min. The column oven temperature was programmed from 40 C 
t o  3OO0C a t  5%/min and held a t  3OO0C unt i l  complete e lu t ion  of a sample. 
Sample s ize  was 1.0 microl i ter .  
held a t  325OC. 

The techniques used f o r  assignment of alkane and o le f in  peaks in 
gas chromatograms of the thermocracked products a r e  d iscussed  elsewhere 
(5, 6) .  They were based on the appl icat ion of a modified addi t iv i ty  
principle ( 7 )  which allows quant i ta t ive estimation of peak positions of  
complex molecules (multibranched alkanes and o le f ins )  from the data on 
peak positions of more simply b u i l t  molecules (monobranched alkanes, 
l inear  olef ins) .  

for  peaks of hydrocarbons 
Kovats factors  (KF) from t h e i r  re tent ion times RT ( 8 ) .  

0 

Detector and in jec tor  temperatures were 
Samples were di luted with CS2 before injection. 

A generally used procedure of presentation of re tent ion times 
i n  gas chromatograms is calculat ion of t h e i r  

' I  
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For example, the peak of an iso-alkane s i t u a t e d  i n  the middle 
between peaks of n-q2lQ6 and n-Cl3H28 has KF 1250. We found i t  more 
convenient to  use a d i f fe ren t  parameter f o r  the purpose - a r e l a t i v e  
retent ion factor ,  RRF (5, 6): 

RRF = [KF(iso-alkane %%n+2) - KF(n-alkane %H2*+2) ]/lo0 2) 

This fac tor  i s  a negative number representing a normalized r e l a t i v e  
precedence of the peak of a hydrocarbon with respect to the peak of the 
normal alkane with the same carbon atom number. 

RESULTS AND DISCUSSION 

Numbering of carbon atoms i n  the skeletons o f  the three isoprenoid 
molecules follows: 

Pr is tane (2,6,10,14-tetrame thylpentadecane) 
11 1 3  1 5  1 3 5 7 9  

c c c c c c c c  

c c c c c c c  
\;\!p[\;\l;\l;\l;  

1: 6' 10' 14' I 
C 2' 

Phytane (2,6,10,14-tetramethylhexadecane) 
c 5  c 7  c 9  cll $3 c 1 5  c1 c 3  

' 2' 

\ 2/ \ 4/ \ 6 /  \ 8/ \ 1; \ 1: \ 1; \ 16 
c c c c c c c c  

C 
6' 

Squalane (2,6,10,15,19,23-hewmethyltetracosane) 
15' 19' 2 3l 

C C 

11 1 3  ' 1 5  1 7  ' 1 9  21 I 2 3  c 1  c 3  c 5  c 7  c 9  C 

cA  \ c 2 4  

I 
10' 

I I 
C 2' C 6' 

0 Conversions i n  the thermocracking reactions (250 C, 24 h) were: 
f o r  pr is tane - 6.0%, f o r  phytane - 2.7%, for  squalane - 6.4%. Under 
these mi ld  conditions only three stages of the r a d i c a l  chain react ions 
should be considered: formation of a parent rad ica l ,  f i s s ion  of the 
radical  with the formation of an o le f in  and a smaller a lkyl  rad ica l ,  
and the chain t ransfer  reaction yielding a low molecular weight alkane. 
One example of these three reactions involving a rad ica l  a t tack on the 
s ix th  position of the pr is tane molecule and the 
9-5 bond is: 

6-scission of the 
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Formation of a parent rad ica l  (hydrogen abstract ion reaction): 

R* + 2,6,10,14-tetramethylpentadecane 4 

RH + CH3-g-CH2-CH2-CH -pCH -CH -CH2-CH-CH -CH -CH -$H-CH 
Z c H 2  2 2 2  2 c H  3 

3 3 3 3 
6-scission reaction: 

3)  

9 

CH3-g-cH2-CH2-cH2-g3I2-CH2-cH2-p-cH2-CH2-CH2-p-m3--3 

CH3-~-CH2-CH2-CH~-0CH2 + *~2-CH2-CH-CH2-CH2-CH2-~-CH 3 

4) 3 
CH 

3 
CH 

3 3 

b 3  b 3  CH3 
( 2,6-d?me thyl-1-hep tene) 

Chain t ransfer  reaction: 

'CH2-CH2-p-CH2-CH2-CH + 2,6 ,lo, 14-tetrame thylpentadecane 

5) CH3 

H CH2-CH2-CH2-qH-CH + Re 3 - CH3-5-L- 3 CH3 
( 2,6-dime thyloctane) 

Reactions 3 and 5 are, i n  a general sense, the same reaction of 
hydrogen abs t rac t ion  and they a r e  separated here to emphasize chemistry 
of the react ion product formation. I t  is generally accepted (2, 4) that 
rad ica l  reac t ions  of alkanes a t  low temperatures i n  the l iqu id  state a r e  
accompanied by intramolecular rad ica l  isomerization (hydrogen atom s h i f t s  
via five- and six-atom cycl ic  t rans i t ion  s t a t e s )  and by intermolecular 
hydrogen exchange react ions (reverse  of reaction 3 with RH being the 
substrate  molecule). The j o i n t  r e s u l t  of these two processes is the 
e q u i l i b r i u m  d i s t r i b u t i o n  of primary radicals  i n  terms of rad ica l  s i t e  
positions, with the equilibrium being governed by r e l a t i v e  rad ica l  
stabil i t ies.  

formed in the pr incipal  thermocracking react ions of pr is tane,  phytane, and 
squalane, experimental and calculated RRF values for  the alkanes and 
o le f ins ,  and posi t ions of rad ica l  a t tacks resu l t ing  In the f o r m t i o n  of 
corresponding hydrocarbons. 
the basis  for  t h e  evaluation of r e a c t i v i t i e s  of various bonds i n  two 
reactions - hydrogen abstract ion (Reaction 3) and &scission (Reaction 4). 

Tables 1 and 2 l i s t  a l l  possible alkanes and o le f ins  which a r e  

Peak areas  f o r  the products were used a s  

6-scission react ions 

I n  the majority of cases several p s c i s s i o n  react ions are possible 
for  a radical  formed i n  Reaction 3 (except for  rad ica ls  i n  positions 2 
i n  a l l  isoprenoids and i n  position 16 f o r  phytane). 
reaction products allows estimation of probabi l i t i es  of the sciss ion 
reactions. 

s i tuated i n  very symmetrical environments. 

Analysis of 

Tert iary rad ica ls .  Tertiary radicals  i n  positions 6 and 10 a r e  
As a consequence, 
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probabi l i t i es  of B-scissions f o r  the adjacent bonds a r e  v i r t u a l l y  e q u a l .  
The r a t i o s  of products formed in the C4-C5 and CrCS bond sciss ions 
( rad ica ls  in  position 6 )  are i n  the range 1.06-0.98 f o r  a l l  isoprenoids. 
The same r a t i o s  (1.08-0.99) were found f o r  C bond 
sciss ions in  phytane and squalane ( rad ica ls  f ~ c ~ o % % ~ ? ?  On the 
other  hand, the probabi l i ty  of the CH2-CH2 bond ( C l ~ C 1 3 )  sciss ion i n  the 
phytane radical  ( i n  position 14) is 10.6 t i m e s  higher than tha t  f o r  the 
CH CH3 bond (cl5-Cl6) which corresponds to  the AE,,t difference,  ca. 
2.fkcal/mol. 

r a d i c a l  i s  s i t u a t e d  i n  a symmetrical environment (posi t ions 8 in a l l  
molecules, position 12 i n  phytane) the probabi l i ty  of the two 

expectations. However even a s l i g h t  deviation from the symmetry, in  
posi t ions 4, r e s u l t s  i n  a deviation from the equality. The r a t i o  between 
the probabi l i t ies  for  the scisson of %- and C5-% bonds i s  ca. 0.63.  

phytane and squalane) the sciss ion involves d i f fe ren t  chemical bonds. In 
these cases the r a t i o s  of the sciss ion r a t e s  for  the CH2-CH2 bonds 
(Cs-5 f o r  radicals in  positions 7 )  and for  the CH2-CH bonds (C 'Cg) a r e  
ca. 0.71 (+7%). The same r a t i o  (sciss ion of %2-C1 vs. 3 f o r  the 
&ytane radical  i n  posi t ion 11 i s  0.58. However, t te  C k 2 s 3 !  ond i n  
squalane is  ca. 10% more react ive i n  @-scission than t e - C ~ O  bond. 
D a t a  fo r  the pristane rad ica l  ( i n  posi t ion 5 )  provide the most complete 
information of the r e l a t i v e  probabi l i t i es  of B-scission reactions. The 
r a t i o s  of the reactions f o r  the CH2-CH2 bond (Cg-$1, the CH2-CH bond 
(%-Cg), and the CH3-CH bond (%-%I) a r e  4.72 : 6.70 : 1 .  

Secondary radicals .  Similarly t o  the previous case, i f  a secondary 

8-scissions a r e  ident ica l  (with precision ca. 4 % )  according to  

When secondary radicals a r e  i n  positions 4 (or  positions 9 i n  

React ivi t ies  of C-H bonds i n  hydrogen ab8 t ract ion react ions 

Tertiary C-H bonds 

Tertiary C-H bonds a re  the most ac t ive  i n  radical  hydrogen 
abstract ion reactions as emphasized by t h e i r  low bond energies, ca. 90 
kcal/mol (2, 4 ) .  Our data show tha t  r e a c t i v i t i e s  of the C-H bonds i n  
6 and 10 positions are equal f o r  a l l  three isoprenoids (corresponding 
product yields a r e  i n  the range 1.00-1.03). 
formed from the end- and internal  t e r t i a r y  rad ica ls  are: 

The r a t i o s  of products 

Internal  C' : R-C-%-CH3 : R-C-CH3 - 1 : 0.45 : 0.31 

( posi tions (posj t ion 14 (posi t jons 2) 
CH CH 

6 and 1 0 )  i n  phytane) 

I f  one takes into account d i f fe ren t  sciss ion p a t t e r n s  f o r  these 
radicals  (discussed e a r l i e r )  and the exsitence of only one B-scission 
route f o r  the end-tertiary radicals  these r a t i o s  t rans la te  in to  the 
r a t i o s  of formation rates for  corresponding rad ica ls  ca. 1 : 0.7 : 0.8. 

Secondary radicals  

The isoprenoids studied can form several  s t ruc tura l ly  d i f f e r e n t  
secondary r a d i p l s .  
Radicals -CH7-CH-CH2-- As expected, the radicals  i n  positions 4 and 12 
i n  the phytane molecule have the same r e a c t i v i t y  ( the corresponding 
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product r a t i o  is  1.05). However, these rad ica ls  positioned i n  the center 
of the molecules (posi t ions 8) are s l i g h t l y  more react ive than s imilar  
radicals  i n  posi t ions 4: the reac t iv i ty  r a t i o s  a r e  1.3 f o r  pr is tane,  1.2 
f o r  phytane, and 1.7 f o r  squalane. 
i n  position 12 of squalane is  2.4 times less than that of a s i m i l a r l y  
s i tuated r a d i q l  i n  position 8. 
Radicals -CHrCH-CH-.  
and 11 i n  the molecules are equal within *lo%. 
Relative r e a c t i v i t i e s  of various secondary radicals. 
rences between r e a c t i v i t i e s  of d i f fe ren t ly  flanked secondary radicals 
were found f o r  a l l  isopFenoids. Radica ls  -Cl$-CH-%- are 4.8 times (*lo%) 
more react ive than C -CH-CH- radicals. The only exception was found 

higher than r e a c t i v i t y  of the radical i n  posi t ion 11. 

Reactivity of the secondary rad ica l  

React ivi t ies  of a l l  radicals  i n  positions 5, 7, 9, 

Signif icant  diffe-  

f o r  squalane: r e a c t i v  ? t y  of the rad ica l  i n  position 12 is only 2.3 times 

Primary radicals  

Information on r e l a t i v e  reac t iv i ty  of primary rad ica ls  i s  l i m i t e d  
due  to d i f f i c u l t i e s  i n  ident i f ica t ion  of the products of the i r  a-scission 
and due t o  low content of the products. In the case of phytane the 
radical  i n  posi t ion 6' has the same r e a c t i v i t y  a s  the rad ica l  i n  position 
14' and i t  i s  ca. 20% less react ive than the rad ica l  i n  posi t ion IO'. 

The y ie lds  of sciss ion products from the primary rad ica ls  i n  positions 
1 a r e  ca. 2 times less than those f o r  the rad ica ls  i n  posi t ions 6'. I f  one 
takes into account t h a t  only one sciss ion route i s  avai lable  f o r  the f i r s t  
radicals ,  i t  can be concluded that r e a c t i v i t i e s  of a l l  primary rad ica ls  
i n  the isoprenoids a r e  very close. 

ComDarisons of r e a c t i v i t i e s  of various rad ica ls  

Comparisons of the yields  of products from 8-scissions of radicals  
of various s t ruc tures  allows approximate evaluation of the i r  re la t ive  
reac t i v i  ties. 

radicals -CH -&2-L The pro- 
d u c t  r a t i o  f o r  sc i ss ion  of cor respondiz  radicals for2a l l  isoprenoids i s  
ca. 0.067. I f  one takes in to  account the differences between the numbers 
of C-H bonds i n  these groups, the r a t i o s  of r e a c t i v i t i e s  of C-H bonds i n  

Primary r a d i c a l s  &i CH- vs. seconda' 2- 

the methyl group (CH -&-)-and the cent ra l  methylene group in the sequence 
CH(CH )-CR2-CH2-CH2-$H(CH3) is  ca. 0.045 which corresponds to  
-3.2 &al/mol. 

Uact ca. 

Primary radicals  k2-CH- VS. secondary radicals  -CH2-k-CH-. 

Secondary rad ica ls  vs. t e r t i a  radic%hl;:&CH )-CH 

The pro- 
duct  r a t i o  f o r  sciss ion of corresponding radicals for  a l l  isoprenoids is 
ca. 0.27 which t rans la tes  in to  the difference between r e a c t i v i t i e s  of 

r a t i o  for  sciss ion of secondaryyadicals  ( i n  posm&1c8?-&d that f o r  
the te r t ia ry  rad ica ls  i n  positions 6 o r  10 is  0.89. This corresponds 
to  the r a t i o  of ca. 2.25 f o r  C-H bond r e a c t i v i t i e s  i n  hydrogen abstract ion 
reactions involving the t e r t i a r y  CH3-CH- groups and the cent ra l  methylene 
groups i n  the isoprenoids (positions 8). Corresponding AE is  ca. 
0.8 kcal/mol. As was mentioned before, cen t ra l  CH2 groups @-CH2-CH2-CH- 
sequences a r e  less reac t ive  than i n  -CH2-CH2-CH2- sequences. 
the corresponding C-H bond reac t iv i ty  r a t i o  is 11.6 and 
2.6 kcal/mol. 

corresponding C-H bonde ca; 0.18 and -1.8 kcal/mol. 
The product 

For them 
A E ~ ~  i s  ca. 
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Table I 

ALKlWES PORHED I N  THERHOCWACKING REACTIONS OF PRISTANE, PHYTANE, 
AND SQUALAM AT 25OoC t 

Alkane Formed from R R p R R P d R R p  
Pristane Phytane Qualane (exp.) ( e a l e . )  X 
( p o s i t i o n  of radical a t t a c k )  

n-C . 
-'I 

LSO-C4 
2-Me-C4 
2-ne-c5 

3-Me-cg 
3-Me-c~ 

2-Me-c, 
2.6-He & 7 

-c 
2,6,10,%.19-He5- 

-c22 

-0.578 -0.568 
-0.695 -0.674 
-0.833 -0.812 
-1.252 -1.175 
-0.788 -0.753 
-1.199 -1.114 
-1.353 -1.254 
-1.150 -1.076 
-1.430 -1.329 
-1.300 -1.210 
-1.477 -1.386 
-1.531 -1.407 
-1.940 -1.788 
-1.862 -1.705 

0.0% 

1.2% 
-1.5% 
-1.7% 
-3.0% 
-2.5% 
-6.1% 
-4.5% 
-7.1% 
-7.3% 
-6.4% 
-7.1% 
-7.0% 
-6.2% 
-8.1% 
-7.9% 
-8.5% 

-2.102 -1.880 -10.6% 
-2.115 -2.063 -2.5% 
-2.345 -2.464 5.1% 

-2.320 -2.408 3.8% 

-2.455 -2.608 6.2% 

t amounts Of methane, ethane.  and propane Cannot be determined 
q u a n t i t a t i v e l y  and are not reported i n  the t a b l e .  
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Table 2 

OLEFINS FORMED I N  THERMOCRACKING REACTIONS OF PRISTANE, PHYTANE, 
AND SQUAUNE AT 25OoC f 

Olef in  Formed from RRF RRF ARRF 
P r i s t a n e  Phytane Squalane (exp.) (calc.)  % 
( p o s i t i o n  of r a d i c a l  a t t a c k )  

*o 

-0.228 
-0.520 
-0.455 
-0.896 

-0.850 
-0.796 
-0.915 
-0.799 
-0.751 
-1.047 
-1.459 
-0.992 
-1.436 
-1.398 
-1.379 
-1.505 

-1.583 
-1.530 

-1.712 

-2.114 

-2.00 

-2.11 

-0.518 
-0.455 
-0.880 
-0.803 
-0.846 
-0.785 
-0.916 
-0.812 
-0.740 
-1.008 
-1.328 
-0.920 

-1.287 
-1.301 
-1.420 
-1.474 

-1.338 

-1.409 
-1.326 
-1.241 
-1.241 
-1.227 
-1.227 
-1.494 
-1.411 

-1.525 

-1.562 

-1.909 

-1.963 

-2.19 

-2.13 

-2.18 

0.4% 
0.0% 
1.8% 

0.5% 
1.4% 
0.1% 
1 . 6 X  
4.1% 
3.7% 
9.0% 
7.2% 
6.8% 
7.9% 
5.6% 
5.6% 

5.6% 
7.7% 

8.8% 

9.1% 

2.0% 

1.9% 

t o l e f i n s  %6*g i n  the products  of squa lane  t h e m c r a c k i n g  were not  
i d e n t i f i e d  q u a n t i t a t i v e l y  and are not repor ted  i n  t h e  tab le .  
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